To determine the anatomic correlate of prosopagnosia in subjects with semantic dementia.
opagnosia), 5 such as faces of close family members or faces that tend to be seen frequently on television or in magazines. These features can occur in any combination, although one feature may be more prominent than the others. Prosopagnosia occurs in about a third of subjects with semantic dementia 6 but in contrast to the visuoperceptual modality-specific prosopagnosia, it is cross-modal and hence patients are impaired in face, voice, and naming recognition. 7 There have been case reports and group analyses demonstrating the association of semantic dementia with bilateral anterior temporal lobe atrophy. 8 However, there are no studies that have assessed the anatomic correlate of prosopagnosia in semantic dementia using an unbiased image analysis methodology such as voxel-based morphometry (VBM). The aim of this study was therefore to determine what brain regions are associated with the presence of prosopagnosia in the context of semantic dementia. METHODS Subjects. We identified all patients with semantic dementia who had been seen by a Mayo Clinic behavioral neurologist, and who had at least one volumetric head MRI scan. All cases were then reviewed by one behavioral neurologist (K.A.J.), blinded to radiologic findings, to ensure that they met clinical criteria for semantic dementia. 4 A total of 39 subjects with semantic dementia were identified. The majority of cases had been prospectively recruited into the Alzheimer's Disease Research Center (ADRC) or Alzheimer's Disease Patient Registry (ADPR). The medical records of all cases were reviewed to abstract clinical data, including demographic features, Mini-Mental State Examination (MMSE), 9 Short Test of Mental Status (STMS), 10 Mattis Dementia Rating Scale (DRS), 11 Clinical Dementia Rating score sum of boxes (CDR-SB), 12 and Boston Naming Test (BNT) scores. 13 These subjects were then categorized based on whether there was specific ascertainment of the presence or absence of prosopagnosia throughout the clinical history. Prosopagnosia was considered present when the clinician specifically documented that subjects had problems recognizing familiar faces, such as faces of close family members, friends, or very famous personalities (such as the current US president). Subjects who had trouble naming familiar people only without the recognition component were not considered to have prosopagnosia. Prosopagnosia was present in 15 subjects. In all cases the problems were originally reported, or confirmed, by an informant. The first MRI after the first reported occurrence of prosopagnosia was used for analysis in the prosopagnosia subjects. Prosopagnosia was considered absent when the clinician specifically stated that the subject did not have problems recognizing familiar faces. Prosopagnosia was absent in 12 subjects. Once again this was confirmed by an informant in all cases. The first MRI after disease onset was used for the subjects without prosopagnosia; in all cases the MRI occurred before the date that prosopagnosia was noted as absent. Six of the subjects have since come to autopsy (five with prosop-agnosia and one without prosopagnosia); all six with a pathologic diagnosis of frontotemporal lobar degeneration with ubiquitinonly-immunoreactive changes (FTLD-U). 14 Each semantic dementia subject was matched by age and gender to a cognitively normal control subject. All control subjects were prospectively recruited into the ADRC or the ADPR and were identified from the ADRC/ADPR database. Control subjects were cognitively normal individuals who had been seen in internal medicine for routine physical examinations and asked to enroll in the ADRC and ADPR. All subjects were then evaluated by a neurologist to verify the normal diagnosis. Controls were identified as individuals who 1) were independently functioning community dwellers, 2) did not have active neurologic or psychiatric conditions, 3) had no cognitive complaints, 4) had a normal neurologic and neurocognitive examination, and 5) were not taking any psychoactive medications in doses that would affect cognition.
Image analysis. T1-weighted three-dimensional volumetric spoiled gradient echo (SPGR) sequences with 124 contiguous partitions and 1.6 mm slice thickness (22 ϫ 16.5 cm or 24 ϫ 18.5 field of view, 25°flip angle) were performed at 1.5 T and used for analysis. An optimized method of VBM was applied, implemented using SPM2 (http://www.fil.ion.ucl.ac.uk/ spm). 15, 16 A number of preprocessing steps were performed to ready the data for statistical analysis, including spatial normalization and segmentation. The spatial normalization step transforms all images into the same stereotactic space by registering each of the images to the same specific template, and the segmentation of the brain into gray matter (GM), white matter (WM), and CSF is performed using the voxel intensities combined with a priori knowledge of the spatial distribution of these tissues, derived from probability maps. In order to reduce any potential normalization or segmentation bias across the disease groups, customized templates and prior probability maps were created from all subjects in the study, including both controls and semantic dementia subjects. To create the customized template and prior probability maps, all images were registered to the Montreal Neurological Institute (MNI) template using a 12 degrees of freedom (df) affine transformation and segmented into GM, WM, and CSF using the MNI prior probability maps. GM images were normalized to the MNI GM template using a nonlinear discrete cosine transformation (DCT). The normalization parameters were applied to the original whole head and the images were segmented once again. Average images were created of whole head, GM, WM, and CSF, and smoothed using 8 mm full-width at halfmaximum (FWHM) smoothing kernel. The average whole head image becomes the customized template, and the average GM, WM, and CSF images are then used as the customized prior probability maps for subsequent segmentations.
All images were then registered to the customized whole brain template using a 12 df affine transformation and segmented using the customized prior probability maps. The GM images were normalized to the custom GM template using a nonlinear DCT. The normalization parameters were then applied to the original whole head and the images were segmented once again. All the GM images were modulated and smoothed with 8 mm FWHM smoothing kernel. In addition, a reinitialization routine was implemented. This uses the parameters from the initial normalization to the MNI template (performed to generate the customized template) to initialize the normalization to the custom template. 16 A single-subject condition and covariate model, including age, gender, and total intracranial volume as covariates, was used to compare the smoothed modulated gray matter images between the semantic dementia subjects with prosopagnosia and controls, and between the semantic dementia subjects without prosopagnosia and controls. Given that the subjects with prosopagnosia performed worse cognitively than the subjects without prosopagnosia, we also repeated the analysis accounting for differences in global gray matter volume between the groups by implementing global normalization using analysis of covariance. A direct comparison was also performed between the two semantic dementia groups. Gray matter differences were assessed at a statistical threshold of p Ͻ 0.001 corrected for multiple comparisons using the false discovery rate correction.
Statistics. Statistical analyses were performed utilizing the JMP computer software (JMP Software, version 6.0.0; SAS Institute Inc., Cary, NC) with ␣ set at 0.05. Gender ratios were compared across groups with 2 test. Kruskal-Wallis test was used to compare continuous data across the three groups. For any significant comparison, Wilcoxon rank sum test was used to determine if there was a significant difference between those with and without prosopagnosia.
RESULTS
The table shows the subject demographics for the 15 subjects with and 12 subjects without prosopagnosia, as well as controls. There was no significant difference between the semantic dementia subjects with and without prosopagnosia in age at onset, age at scan, time from onset to scan, education, MMSE, DRS, or BNT. The subjects with prosopagnosia, however, were more likely to be female and had worse CDR-SB scores.
Compared with controls, the semantic dementia subjects with prosopagnosia showed gray matter loss bilaterally in the temporal lobes, with a greater degree of loss observed in the right temporal lobe ( figure 1A) . On the right, gray matter loss was observed throughout the temporal lobe with relative sparing of the posterior superior temporal gyrus. Gray matter loss was present from the anterior temporal pole, through the medial temporal lobe, inferior and middle temporal gyri, parahippocampal gyrus, and fusiform gyrus back to the most posterior extent of the fusiform and inferior temporal gyrus. The same regions were involved in the left temporal lobe, although to a lesser extent and severity. Gray matter loss was also observed in the right head of the caudate nucleus, bilateral insula, frontal lobes, and cerebellum. Compared with controls, the semantic dementia subjects without prosopagnosia showed gray matter loss restricted to the left temporal lobe, predominantly involving medial and inferior temporal regions and the anterior temporal pole ( figure 1B) . The left insula was also involved.
After normalization for global gray matter volume, the semantic dementia subjects with prosopagnosia showed a more asymmetric pattern of loss predominantly involving the right temporal lobe, with only minor involvement of the left temporal lobe, compared to controls ( figure 2A) . The semantic dementia subjects without prosopagnosia once again show a predominately left anterior and inferior temporal pattern of loss compared to controls ( figure 2B) .
Direct comparisons were also performed between the two semantic dementia groups. The first comparison looked for regions that showed greater gray matter loss in the semantic dementia subjects with prosopagnosia than those without. Regions were identified in the right medial temporal lobe, including the amygdala, hippocampus and parahippocampal gyrus, right fusiform gyrus, and right temporal pole (figure 3 ). In the reverse comparison between the two groups, there were no regions that showed greater gray matter loss in the semantic dementia subjects without prosopagnosia than those with prosopagnosia.
DISCUSSION
In this study, we found that subjects with semantic dementia and prosopagnosia had gray matter loss bilaterally in the temporal lobes, with greatest loss in the right temporal lobe. Regions in the right temporal lobe, particularly the amygdala, hippocampus, parahippocampal gyrus, fusiform gyrus, and anterior temporal pole, were found to have significantly greater volume loss in those with prosopagnosia compared to those without prosopagnosia.
Relatively few studies have been performed on subjects with prosopagnosia and even fewer have investigated prosopagnosia in the context of semantic dementia. However, a number of case reports investigating subjects with acquired prosopagnosia have simi- larly shown atrophy in the right anterior inferior temporal lobe in these subjects. 7, [17] [18] [19] [20] A longitudinal case report demonstrated that the onset of problems recognizing faces coincided with the development of atrophy in the right anterior temporal lobe 19 and it has been suggested that the anterior temporal region is involved with retrieval of biographical information. 21, 22 The fusiform gyrus plays a central role in face processing, particularly in the perceptual analysis of faces, 21 and has been shown to be atrophic in subjects with prosopagnosia. 19, 23 In our study the fusiform gyrus did show greater gray matter loss in the prosopagnosia subjects compared to those without prosopagnosia. A small group study has also demonstrated that the fusiform and middle temporal gyri are atrophic in subjects with congenital prosopagnosia, and that the volume of the fusiform gyrus correlates to performance on a famous face recognition test. 24 A number of different studies have also implicated the hippocampus in prosopagnosia. A small study looking at three subjects who presented with problems recognizing faces demonstrated atrophy in the right hippocampus, as well as the right inferior and middle temporal gyri. 25 Medial temporal lobe atrophy has similarly been reported in a subject with frontotemporal dementia and deficits in the recognition of familiar faces. 20 Functional MRI studies have also shown that the hippocampus and parahippocampal gyrus are activated during the recognition of famous faces, although the laterality of this activation varies. 22, [26] [27] [28] It has been suggested that the hippocampus (specifically the right hippocampus) plays a role with retrieving relevant information from semantic memory. 28, 29 Whether, and how, the amygdala plays a role in the recognition of familiar faces is less clear since it is not a structure that has typically been implicated in prosopagnosia. However, the amygdala is important in the recognition of emotion and expression from faces, 30 and it has been suggested that the emotional response we experience when seeing a familiar face plays an important role in successful recognition. 31 The presence, and recognition, of a facial expression improves the ability to recognize familiar faces. 32 It is therefore possible that these regions are specifically associated with the occurrence of prosopagnosia in these subjects. Previous authors have suggested that right-sided atrophy is responsible for prosopagnosia. 33 However, it has also been suggested that prosopagnosia occurs in the context of bilateral damage, 34 and bilateral structures have been associated with recognizing familiar faces. 35, 36 Our subjects with prosopagnosia did indeed show bilateral loss of the temporal lobes supporting this hypothesis, but it is important to remember that our results reflect the fact that these subjects all fulfill criteria for semantic dementia. Therefore, the left sided atrophy may simply be reflecting other nonprosopagnosia semantic deficits.
The main analysis shows a bilateral pattern of loss and is therefore not very helpful in determining whether the disease in the prosopagnosia subjects first develops in the left temporal lobe and then progresses to the right temporal lobe, whether it develops first in the right temporal lobe and then spreads to the left, or whether it progresses bilaterally. Furthermore, it is notable that the degree of left temporal lobe atrophy was comparable between the subjects with and without prosopagnosia (as seen in figure 1 ) and both groups also performed comparably on the BNT in which poor performance is associated with deficits in the left temporal lobe. If indeed the disease starts in the right temporal lobe and then spreads to the left one would expect the subjects with prosopagnosia to have less left temporal lobe atrophy than the subjects without prosopagnosia, given that both groups have the same time from disease onset to scan. Interpreting our findings is difficult since the Results are shown on three-dimensional renders of the brain and representative coronal slices.
subjects with prosopagnosia appear to be further along in their disease course than the subjects without prosopagnosia, evidenced by poorer performance on cognitive testing. Most likely, the subjects with prosopagnosia are not coming to medical attention until naming problems are evident, at which point the left temporal lobe would be expected to be affected; in essence, the prosopagnosia and disease goes undetected for many years.
To address this problem we corrected for the confounder of disease stage by including global gray matter volume as a covariate in the statistical model. We then demonstrated that the subjects with prosopagnosia showed much less loss of the left temporal lobe than the subjects without prosopagnosia (as seen in figure 2 ) and much less left temporal lobe than right temporal lobe atrophy. This finding would suggest that in those with prosopagnosia the left temporal lobe atrophy is a component of the more widespread or global atrophy and related to disease severity but that there is right temporal lobe atrophy beyond the degree of global atrophy. This is in keeping with the hypothesis that atrophy is beginning on the right and then progressing to the left and would not support a hypothesis that prosopagnosia is just a marker of disease severity in semantic dementia.
The semantic dementia subjects without prosopagnosia showed loss restricted to the left temporal lobe, particularly involving anterior medial and inferior temporal regions as has been previously emphasized in subjects with semantic dementia, 8, 37, 38 but also involving more posterior aspects of the temporal lobe. It is very likely, however, that atrophy in these subjects will eventually spread to involve the right temporal lobe, as has been suggested by a couple of longitudinal studies in semantic dementia. 39, 40 An unexpected finding was the fact that the prosopagnosia subjects had a higher female to male ratio than the subjects without prosopagnosia. Given that we have a relatively small sample size this could have occurred by chance. Further studies are needed to investigate this association. In addition, future studies could correlate the degree of gray matter atrophy with the degree of prosopagnosia. This would require formal testing for prosopagnosia, which was not performed in our study. Formal testing could also allow us to determine whether the prosopagnosia was purely an associative phenomenon or whether perceptual deficits play a role.
Figure 2
Three-dimensional renders showing patterns of gray matter loss in subjects with semantic dementia and prosopagnosia compared to controls (A), and subjects with semantic dementia without prosopagnosia compared to controls (B), after global normalization
Figure 3 Regions of greater gray matter loss in the semantic dementia subjects with prosopagnosia compared to the semantic dementia subjects without prosopagnosia
Results are shown on representative coronal slices through the temporal lobe.
